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Many different signaling pathways share common compo-
nents but nevertheless invoke distinct physiological responses.
In yeast, the adaptor protein Ste50 functions in multiple mito-
gen-activated protein (MAP) kinase pathways, eachwith unique
dynamical and developmental properties. Although Kss1 activ-
ity is sustained and promotes invasive growth, Hog1 activity is
transient and promotes cell adaptation to osmotic stress. Here
we show that osmotic stress activates Kss1 as well as Hog1. We
show further thatHog1phosphorylates Ste50 and that phospho-
rylation of Ste50 limits the duration of Kss1 activation and pre-
vents invasive growth under high osmolarity growth conditions.
Thus feedback regulationof a shared component can restrict the
activity of a competing MAP kinase to ensure signal fidelity.
All living organisms respond to specific external cues and
initiate the appropriate developmental or metabolic responses.
In many cases, extracellular stimuli lead to activation of MAP2
kinases, which in turn initiate distinct, and often mutually
exclusive, cellular behaviors including cell growth, movement,
differentiation, and death. Therefore the regulation and coor-
dination of multiple kinases are essential for the cell to respond
appropriately to a changing environment (1). However, the
underlying mechanisms ensuring pathway fidelity are not well
understood.
The MAP kinases in yeast Saccharomyces cerevisiae pro-
vide a powerful model to study the mechanisms of signal
specificity. Two different MAP kinases, Fus3 and Kss1, func-
tion in the mating-response pathway leading to fusion of
haploid a- and -type cells. In this case, pheromone stimu-
lation leads to activation of a protein kinase cascade that
includes Ste20, Ste11, Ste7, and ultimately Fus3 and Kss1 (2).
Nutrient-poor conditions lead to activation of the same
kinase components, with the exception of Fus3 (3, 4). In this
alternate developmental pathway, the cells exhibit altered
budding, formation of long branching filaments, as well as
increased adherence and invasion of the substratum. A third
pathway leads to activation of the high osmolarity glycerol
(HOG) response kinase Hog1 (5, 6). The HOG response is
initiated by stimulation of two putative osmosensing pro-
teins, Sln1 and Sho1 (7, 8). Sln1 activates two partially redun-
dant kinases, Ssk2 and Ssk22, which then activate the MAP
kinase kinase Pbs2 and ultimately Hog1. Sho1 recruits a dis-
tinct kinase Ste11 to activate Pbs2 and Hog1. In either case,
Hog1 induces production of glycerol that serves to balance
intracellular osmotic pressure with the external environ-
ment and thereby enables cell survival (9–11).
Thus Ste11 is required for signaling by Sho1 as well as by
mating pheromones. Another shared component is Ste50,
which forms a stable complexwith Ste11 (12–17). Although the
Sho1 branch of the Hog1 pathway shares components with the
Fus3 and Kss1 pathways, osmotic stimulation does not nor-
mally induce mating or invasive growth. If Hog1 expression or
catalytic activity is abrogated, however, osmotic stimulation
leads to inappropriate activation of the mating response (18).
Thus Hog1 mediates the HOG response and simultaneously
acts to prevent induction of themating or invasive growth path-
ways. The manner by which Hog1 inhibits cross-talk to these
parallel signaling systems has not been determined previously.
In this study, we examine the role of Hog1 in ensuring path-
way fidelity. Because our interest is in mechanisms of signaling
specificity, we have restricted our investigations to the Sho1
branch of the pathway (ssk1). First we show that Kss1,
together with Hog1, is transiently activated by osmotic stimu-
lation. We demonstrate further that Hog1 phosphorylates a
shared upstream component Ste50, and this feedback-phos-
phorylation event limits the duration of pathway activation.
When Ste50 phosphorylation is abrogated, Kss1 activity is sus-
tained, and the cells undergo invasive growth in response to
osmotic stress. Thiswork reveals a novel negative feedback loop
that controls the dynamics of MAPK activation and thereby
ensures signal fidelity.
EXPERIMENTAL PROCEDURES
Standard methods for maintenance of yeast and bacteria,
manipulation of DNA, purification and analysis of protein
kinases, protein immunodetection, and analysis of cellular
responses to pheromone and salt stimulation were used
throughout. Full experimental procedures and any associated
references are available in the supplemental materials.
RESULTS
It is well established that osmotic stress leads to activation of
the MAPK Hog1 (6). It has been demonstrated previously that
osmotic stress can also activate the mating pathway. This form
of inappropriate cross-talk has been observed in cells lacking
HOG pathway components (Pbs2- or Hog1-deficient cells).
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Themutant phenotype was first documented by indirect meas-
urements of MAPK-mediated gene transcription, using a mat-
ing pheromone-responsive reporter (FUS1 promoter, lacZ
reporter) (18).
More recently, it has become feasible to detect Fus3 andKss1
activation directly using antibodies that recognize the dually
phosphorylated (fully activated) form of each protein (19).
Using the antibody detection method, we monitored Fus3 and
Kss1 activity over time, in response to a salt stimulus.Wild-type
cells and cells expressing a catalytically inactive Hog1K52R
mutant were treatedwith 0.5 MKCl and then lysed and resolved
by gel electrophoresis and immunoblotting. As expected, Kss1
was strongly activated in the hog1 mutant cells (20, 21). How-
ever, we observed very weak activation of Fus3 (Fig. 1A). Most
surprisingly, we found that Kss1 is activated by salt even in
wild-type cells expressing fully functional Pbs2 and Hog1
(Fig. 1, A and B). Indeed, the amplitude of Kss1 phosphoryl-
ation can be compared with that observed after treatment
with pheromone at 1 M (Fig. 1B). Moreover, there was a
striking difference in the dynamics of Kss1 phosphorylation.
Although pheromone stimulation normally results in sustained
phosphorylation of Kss1, osmotic stress results in a transient
response, with peak activity occurring 5 min after the initial
stimulus. A similar time course is typically observed for Hog1
(Fig. 1,A and B). In the absence of Hog1 activity, however, a salt
stimulus results in sustained phosphorylation of bothHog1 and
Kss1 (Fig. 1A). From these data, we conclude that osmotic stress
activates Kss1 as well as Hog1 and that activation is in each case
highly transient. When Hog1 catalytic activity is abrogated,
activation of both MAP kinases is sustained.
The data presented above reveal that Kss1 activationmirrors
that ofHog1 and that Kss1 andHog1 are affected equally by loss
of Hog1 activity. Given the requirement for Hog1 catalytic
activity, we presumed thatHog1promotes a feedback phospho-
rylation event that limits the duration of pathway activation.
Indeed, feedback phosphorylation of an upstream component
was predicted based on genetic (18) and theoretical (22) con-
siderations.Given that bothKss1 andHog1 are affected equally,
we presumed that the target of feedback phosphorylation is a
component upstream of bothMAP kinases. Upstream compo-
nents shared by both pathways include Sho1, Ste11, and Ste50.
We have documented previously that Sho1 is phosphorylated
by Hog1. However, the result in this case is to dampen overall
pathway activity, but not duration, and occurs only under
extreme osmotic stress conditions (23). Thus we focused our
investigations on Ste11 and Ste50.
Hog1 Phosphorylates Ste50 in Response to Osmotic Stress—
Ste11 is a MAPK kinase upstream of both Hog1 and Kss1.
Ste50 is an adaptor protein required for the catalytic activity
of Ste11 (14–17). Although Ste50 was originally identified as
a component of the yeast mating pathway (12), further
genetic studies revealed that deletion of Ste50 has a relatively
modest effect on pheromone responses (13, 14). In contrast,
ste50 mutants block invasive growth (24, 25) as well as the
Sho1-dependent branch of the HOG pathway (13, 14, 18, 26).
Given that invasive growth and HOG signaling are mediated
by Kss1 and Hog1, respectively, we regarded Ste50 as a
potential target for feedback regulation affecting both
pathways.
Protein phosphorylation will in many cases result in amobil-
ity shift detectable by gel electrophoresis. Moreover, Ste50 is
known to be phosphorylated atmultiple sites in vivo (14, 27). To
examine whether Ste50 is phosphorylated in response to
osmotic stress, cells expressing FLAG-tagged Ste50 were
treated with 0.5 M KCl and then lysed and resolved by gel elec-
trophoresis and immunoblotting. As shown in Fig. 2A, Ste50
undergoes a rapid and transient reduction in electrophoretic
mobility, peaking 15min after osmotic stimulation. The time
course of themobility shift lags slightly behind the peak ofHog1
activation, noted in Fig. 1. Such a lag would be expected if Hog1
activation must precede phosphorylation of Ste50. Further-
more, Ste50 failed to undergo a mobility shift in the absence of
Hog1 expression. The shift was also not observed after phero-
mone stimulation and was not affected by deletion of either
Fus3 or Kss1 (data not shown). From these data, we conclude
that Ste50 undergoes a salt stimulus- and Hog1-dependent
post-translational modification.
To determine more directly whether Hog1 phosphorylates
Ste50, we monitored phosphorylation in vitro. Hog1 was puri-
fied from yeast treated with 0.5 M KCl and then mixed with
Ste50 purified frombacteria. As shown in Fig. 2B, purifiedHog1
phosphorylates Ste50, whereas catalytically inactive Hog1K52R
does not (23). We conclude that Hog1 phosphorylates Ste50
directly and does not require an intermediary kinase.
To identify candidate Ste50 phosphorylation sites, we
mutated each of seven Ser or Thr residues located within a
FIGURE 1. Kss1 is activated in response to osmotic stress. A, HOG1 ssk1
(HOG1WT) or hog1K52R ssk1 mutant cells were treated with 0.5 M KCl for the
times indicated. Cell lysates were then resolved by 10% SDS-PAGE and immu-
noblotting with anti-phospho-p42/44 antibodies, which recognize the dually
phosphorylated and activated form of Fus3 (p-Fus3) and Kss1 (p-Kss1) or anti-
phospho-p38 antibodies, which recognize the dually phosphorylated and
activated form of Hog1 (p-Hog1) or anti-glucose-6-phosphate dehydrogen-
ase antibodies as a loading control. Note that FUS3, KSS1, and HOG1 tran-
scripts are unaffected by osmotic shock (45). B, wild-type (WT) (SSK1) cells
were treated with 0.5 M KCl or 1 M pheromone for the times indicated. Salt-
induced Kss1 phosphorylation is 75% of that induced by pheromone at 5
min. Similar values were obtained in the ssk1 mutant cells used throughout
(data not shown).
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MAPK consensus sequence (Ser or
Thr followed by Pro). Among these
individual mutants, five (Ser-155,
Ser-196, Ser-202, Ser-248, Thr-341)
exhibited a reduced mobility shift
upon osmotic stress. In addition, all
five mutants conferred elevated
induction of a Kss1-responsive
transcription reporter (data not
shown, see below). We then
replaced all five sites in combination
(Ste505A). This mutant failed to
undergo any mobility shift in vivo
(Fig. 2A) and was no longer phos-
phorylated in vitro (Fig. 2B). Thus
Hog1 appears to phosphorylate
Ste50 directly, at multiple sites, and
in response to salt stimulation. The
mobility shift observed in vivo is
entirely dependent on Hog1 cata-
lytic activity and on the integrity of
substrate phosphorylation sites. The same sites required in vivo
are also required in vitro.
Ste50 Phosphorylation Limits the Duration of Pathway
Activation—To this point, we have shown that Hog1 phospho-
rylates Ste50 and that Hog1 limits the duration of pathway acti-
vation. To investigate whether Ste50 phosphorylation per se
contributes to regulation of signaling dynamics, we genetically
replaced wild-type STE50 with the phosphorylation-deficient
mutant STE505A and monitored Hog1 and Kss1 activity over
time. As shown in Fig. 3A, cells expressing Ste505A exhibit sus-
tained Hog1 and Kss1 phosphorylation upon osmotic stimula-
tion. Indeed, the initial time course of phosphorylation resem-
bles that seen in the absence ofHog1 catalytic activity (hog1 or
hog1K52R) (Fig. 1). Again, no Fus3 phosphorylation was
detected in either thewild-type or themutant strains. Phospho-
rylation of Hog1K52R is more sustained at later time points,
possibly due to the loss of later adaptation responses including
new transcription and increased glycerol production, as docu-
mented previously (9–11). Thus although Ste50 phosphoryla-
tion contributes substantially to the early adaptation response,
it is also evident that other sites or targets must also exist, par-
ticularly for the later responses.
To corroborate the kinase activation results, we examined
Hog1- and Kss1-mediated gene induction. Activation of Hog1
can be monitored using a transcription reporter containing the
GPD1 promoter (28). Activation of Kss1 is commonly moni-
tored using the Ty1 or TEC1 promoters (29). However, in our
experience, these reporters exhibit high basal activity and in
some cases are activated in a Kss1-independent manner. As an
alternative, we used the FUS1-lacZ reporter. The FUS1 pro-
moter is strongly and selectively activated by Fus3 or Kss1 (30);
FUS1-lacZ can be used in this case given that Kss1 is activated
by osmotic stress. As shown in Fig. 3B, Kss1-mediated gene
transcription is significantly elevated in the Ste505Amutant fol-
lowing salt stimulation. In contrast, Hog1-mediated transcrip-
tional responses are unaffected by Ste505A despite the fact that
Hog1 phosphorylation is sustained (Fig. 3C). We conclude that
FIGURE 2. Ste50 is phosphorylated by Hog1. A, the C-terminal FLAG-tagged form of Ste50 (Ste50-FLAG) or
Ste505A (Ste50-FLAG5A) was expressed under control of the ADH1 promoter in HOG1 wild-type (WT, ssk1) or
isogenic hog1 mutant cells and treated with 0.5 M KCl for the times indicated. Whole-cell extracts were
resolved by 10% SDS-PAGE and immunoblotting (IB) with anti-FLAG antibodies. p-Ste50, slower migrating
phosphorylated form of Ste50. B, GST-Ste50, GST-Ste505A, or GST alone were purified from Escherichia coli and
mixed with Hog1 or the catalytically inactive Hog1K52R purified from yeast (previously treated with 0.5 M KCl for
15 min) and [-32P]ATP. Reactions were stopped by the addition of SDS-PAGE sample buffer and boiling.
Expression of Ste50 was detected by Coomassie Blue staining, and phosphorylation of Ste50 was monitored by
phospho-image detection (GE Healthcare, Dynamics) (32P Autorad).
FIGURE 3. Ste50 phosphorylation limits duration of pathway activation.
A, STE50 wild-type or STE505A mutant cells were treated with 0.5 M KCl for the
times indicated, and whole-cell extracts were resolved by 10% SDS-PAGE and
immunoblotting with anti-phospho-p42/44 antibodies (p-Kss1), or anti-
phospho-p38 antibodies (p-Hog1). Anti-glucose-6-phosphate dehydrogen-
ase antibodies were used for loading controls. p-Kss1 and pHog1, dually phos-
phorylated and activated form of Kss1 and Hog1. B, the same cells
co-transformed with a PFUS1-lacZ reporter and treated with 0.5 M KCl for 90
min, as indicated (). The resulting -galactosidase activity was measured
spectrofluorimetrically. Error bars,  S.E. C, the same cells co-transformed
with a PGPD1-lacZ reporter. D, STE50 wild-type, STE50
5A, or ste50 mutant cells
were grown to saturation in liquid medium, serially diluted, and spotted onto
solid medium containing 0.5 M KCl. Cell growth was recorded after 2–3 days
(top). The plates were then rubbed under a stream of water to detect invasive
growth (middle). Bottom, photograph of remaining (adherent) STE505A cells.
All experiments were performed in an ssk1 strain background.
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the high osmolarity glycerol pathway is fully activated, whether
activation of Hog1 is transient or sustained.
We then examined the effect of the Ste505A mutant with
respect to pheromone signaling. Activation in this case ismedi-
ated by both Fus3 andKss1 and is normally sustained. Again we
found minimal differences comparing the wild-type and
Ste505A mutant. We also found small differences in the magni-
tude or duration of Fus3 and Kss1 phosphorylation and tran-
scriptional induction (data not shown). Thus amutant that can-
not be phosphorylated exhibits sustained Hog1 and Kss1
activation but is otherwise fully competent to activate the pher-
omone- and osmotic stress-response pathways.
Finally we examined how Ste50 phosphorylation affects
Hog1- and Kss1-mediated cellular differentiation responses. It
was demonstrated previously that Ste50 is required for growth
in high salt media (13, 14, 18, 26). Although ste50mutant cells
grew poorly in the presence of 0.5 M KCl, cells expressing the
Ste505A mutant grew as well as wild-type (Fig. 3D). These
results confirm that Ste505A is fully competent with respect to
high osmolarity responses despite sustained activation ofHog1.
On the other hand, sustainedKss1 activation has been shown to
induce invasive growth, characterized by an elongated cellmor-
phology and penetration into solid medium (21, 31, 32). Thus
we examined whether loss of feedback phosphorylation pro-
motes the invasive growth response. We spotted wild-type,
ste50, and STE505A mutant cells on solid medium containing
0.5 M KCl, and after 1 or 2 days, washed off non-adherent cells to
detect invasion. As shown in Fig. 3D, the Ste505A mutant cells
exhibited invasive growth behavior, whereas the wild-type strain
did not. Moreover, these adherent cells exhibited an elongated
morphology characteristic of invasive growth (Fig. 3D).
Taken together, our results indicate that Hog1 phosphoryl-
ates Ste50 in response to osmotic stress. This feedback phos-
phorylation event leads to more transient activation of Kss1, as
well as of Hog1. When feedback phosphorylation is abrogated,
Ste50 can sustain normal cellular responses to osmotic stress
andmating pheromone but no longer restricts salt activation of
the invasive growth pathway.
DISCUSSION
It has long been held that the mating, invasive, and high
osmolarity response pathways each act via distinct MAP
kinases. Although pheromone-induced growth arrest requires
Fus3, nutrient-driven invasive growth requires Kss1, and
growth under osmotic stress conditions requires Hog1. The
underlying assumption has been that cross-activation would
occur only in the absence of the primary MAPK. For example,
Kss1 can act in place of Fus3 to sustain mating (33). Likewise,
osmotic stress will induce mating, but only if Hog1 activity is
absent (18).
More recently, it was demonstrated that Kss1 is activated by
pheromone even in wild-type cells that express Fus3 (19). Here
we show that Kss1 is activated by osmotic stress even in cells
that express functional Hog1; activation is transient, however,
and under normal circumstances, fails to promote Kss1-medi-
ated invasive growth.
Given that both Kss1 and Hog1 require the same upstream
kinase Ste11, we considered whether Ste11 or its adaptor
protein Ste50 contributes to pathway fidelity. We showed
that Hog1 phosphorylates Ste50 in vivo, as well as in vitro,
and mapped the sites of phosphorylation. When these sites
are mutated, Kss1 activity is more sustained, and the cells
exhibit invasive growth behavior under osmotic stress
conditions.
Although precise regulation is required to ensure signaling
specificity, limited activation of multiple MAP kinases may be
beneficial under some circumstances. For example, new evi-
dence has revealed that Kss1, once believed to be redundant
with Fus3, promotes unique mating-related responses such as
elongated growth at very low doses of pheromone. In contrast
to Kss1, Fus3 activation occurs at higher doses of pheromone,
elicits a more switch-like dose-response profile, and is required
for elongated growth toward a pheromone gradient (34, 35).
Such elongated or chemotropic growth could allow yeasts,
which are otherwise non-motile, to orient new bud formation
in the direction of a weak pheromone stimulus and thus toward
a distant mating partner (36). Similarly, Kss1 activation in the
HOG response might be advantageous in certain circum-
stances. For instance, high osmotic stress together with exter-
nal cAMP induces pseudohyphal growth in diploid cells (37).
Even if osmostress-stimulated Kss1 does not normally lead to
chemotropic or invasive growth, it may “prime” the cellular
signaling system in preparation for a possible shift to poor
growth conditions and the need for invasion (38). Recent stud-
ies have shown that transcription induction is not required for
yeast to respond to an initial hyperosmotic stress stimulus,
although it does allow cells to better adapt to subsequent stress
stimuli (22, 39). Likewise, simultaneous activation of Kss1
might prepare cells for the need to undergo invasive growth,
and thereby, escape further stress stimuli. In this way, Kss1
activation could help to provide an appropriate alternative
response in the face of a rapidly changing environment.
It is noteworthy that pheromone stimulation activates Fus3
and Kss1 but not Hog1, whereas osmotic stress activates Hog1
and Kss1 but not Fus3. Thus only a subset of MAP kinases is
activated at any given time, although all three share upstream
signaling proteins including Ste11 and Ste50. This suggests that
signal identity is determined by additional components
upstream of Fus3 or Hog1. For example, the scaffold protein
Ste5 is required for Fus3 activation and likely limits cross-acti-
vation of Fus3 by other external stimuli (21). The scaffold pro-
tein Pbs2 might serve a similar function for Hog1 (6).
It is also noteworthy that Kss1 is activated as part of the
invasive growth, mating, and HOG pathways; however, no
cross-talk among these pathways has been observed. Treat-
ment of cells with pheromone or salt does not normally induce
invasive growth (6, 33). Given that Kss1 is activated bymultiple
stimuli, how does Kss1 interpret these different input signals?
We have shown that the dynamics of Kss1 activation vary
depending on the nature of the stimulus. Although Kss1 activa-
tion is transient upon osmotic stress, it is somewhat prolonged
in response to pheromone stimulation (Fig. 1A). When Kss1
activity is fully sustained, the cells undergo invasive growth (21,
31, 32). These observations imply that signaling dynamics are
particularly important for dictating signaling specificity (sup-
plemental Fig. S1). Indeed, the importance of signaling dynam-
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ics in yeast has striking parallels with signaling specificity in
mammalian cells. In one oft-cited example, epidermal growth
factor induces transient activation of the ERKMAPK and leads
to cell proliferation, whereas nerve growth factor promotes sus-
tained ERK activation and results in cell differentiation (40).
The mammalian ortholog of Hog1 (p38) is regulated by an
adaptor protein called OSM (osmosensing scaffold for
MEKK3). Given the strong similarities betweenOSMand Ste50
(41), it will be interesting to determine whether OSM is subject
to feedback regulation by p38.
Currently, we are investigating how Ste50 function is altered
by phosphorylation. Ste50 has been reported to bind to nearly
two dozen proteins;3 many of these binding partners are
required for Hog1 signaling, including Ste11 and Ste50 itself (in
the form of a dimer) (14, 24, 42–44). Thus it will be interesting
to determine whether Ste50 phosphorylation alters the expres-
sion, catalytic activity, subcellular localization, or trafficking of
any of the reported binding partners. Another question is how
Ste50 cooperates with other adaptation mechanisms that are
likely to regulate Kss1 or Hog1 activation. For example, Hog1
phosphorylates proteins that contribute to pathway adaptation,
including transcription factors that (over a longer time scale)
up-regulate components, leading to glycerol production (11).
Taken together, these findings suggest that signal identity is
encoded to a large extent by the dynamics of kinase activation.
We have shown how oneMAPK can limit the activity of a com-
peting MAPK through feedback phosphorylation of a shared
upstream component, and more generally, how feedback inhi-
bition contributes to signal fidelity. Given that the MAPK sig-
naling apparatus is highly conserved among all eukaryotes, the
mechanisms outlined here are likely applicable to other signal-
ing pathways in yeast as well as in more complex organisms.
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